Introduction {#sec1}
============

One approach to the design of high affinity, selective small-molecule enzyme inhibitors involves the introduction of an electrophilic group into the inhibitor that can form a covalent bond with an active site nucleophile.^[@ref1]^ Selectivity is achieved through proximity of the two reactive groups in the enzyme--inhibitor complex or, in the case of mechanism-based inhibitors, by unmasking of the electrophilic moiety via enzymatic transformation.^[@ref2],[@ref3]^ Many covalent inhibitors of hydrolases, kinases, oxido-reductases, and PLP-dependent enzymes have been developed based on fluoroketones, α-haloketones, epoxides, α,β-unsaturated ketones and amides, and vinyl sulfonamides.^[@ref4]−[@ref7]^ Indeed, a significant fraction of clinically used drugs that act on enzymes are irreversible inhibitors,^[@ref8]^ with recent examples including inhibitors of the 20S proteosome^[@ref9]^ and Bruton's tyrosine kinase (BtK).^[@ref10]^

The application of similar medicinal chemistry-based strategies to form irreversible protein-based agonists, antagonists, or inhibitors is made difficult by the lack of general strategies for selectively introducing electrophiles into proteins at a specific site of interest.^[@ref11],[@ref12]^ Current methods include reaction of unique cysteine or lysine residues with bifunctional **N,N**′-ethylene bis(acrylamide)^[@ref13]^ or chloroacetyl chloride^[@ref14]^ electrophiles to introduce acrylamides or chloroacetamides, respectively. Additionally, expressed protein ligation (EPL) has been used to label proteins with vinyl sulfones and β-lactams to generate activity-based protein profiling (ABPP) probes.^[@ref15]^ Alternatively, the use of evolved orthogonal aminoacyl-tRNA synthetase (aaRS)/tRNA pairs for genetically encoding unnatural amino acids (UAAs) provides a potentially general method for introducing electrophilic groups into proteins with precise control over the position and geometry of the reactive group. Thus far, a variety of electrophiles, including alkyl and aryl ketones,^[@ref16],[@ref17]^ trifluoroketones,^[@ref18]^ α-fluoroketones,^[@ref19]^ and acrylamides,^[@ref20],[@ref21]^ have been introduced into proteins by this method. The use of these UAAs to form intra- or intermolecular covalent bonds typically requires a cysteine residue in the receptor of interest due to its relatively high nucleophilicity. However, cysteine residues are uncommon at protein surfaces and frequently found in cysteine cross-links,^[@ref22]^ necessitating mutagenesis of the target protein to introduce a unique cysteine residue at the binding interface. Instead, an ideal group to target with these electrophiles is the nucleophilic ε-amino group of lysine residues,^[@ref23]^ which are relatively abundant at protein surfaces and likely to be found at the protein--protein interface of interest.^[@ref24]^ The practical application of this strategy requires that the reactivity of the electrophile be tuned so it has minimal nonspecific reactions with common physiological nucleophiles (such as glutathione), while maintaining the ability to react with a lysine residue in a binding partner.^[@ref25]^ This can be achieved through "proximity effects", in which the formation of a covalent bond is accelerated by formation of a noncovalent complex prior to reaction.^[@ref26]^ This leads to a reduction in the entropy of activation which can result in large increases in reaction rates (effective molarities \>10^5^ M).^[@ref27]^

Herein we have investigated a series of electrophilic UAAs which contain α,β-unsaturated amides (acrylamides) and sulfonamides (vinyl sulfonamides), Michael acceptors which have been extensively used to target reactive nucleophiles in kinases and proteases.^[@ref4],[@ref28]−[@ref30]^ These reactive groups have relatively low nonspecific reactivity to other serum and cellular proteins. Therefore, we designed and genetically encoded three UAAs, *N*^ε^-acryloyl-(*S*)-lysine (AcrK, **1**), *p*-acrylamido-(*S*)-phenylalanine (AcrF, **2**), and *p*-vinylsulfonamido-(*S*)-phenylalanine (VSF, **3**), with electrophilic groups that can react with the ε-amino group of lysine residues in a target protein (Figure [1](#fig1){ref-type="fig"}A). Moreover, we show that a mutant of the antigen-binding fragment (Fab) of the therapeutic monoclonal antibody Herceptin bearing **3** selectively and irreversibly labels ErbB2-positive breast cancer cells under physiological conditions.

Results and Discussion {#sec2}
======================

To test whether electrophilic UAAs can be used to selectively form irreversible protein complexes, we used an αErbB2 Fab based on Herceptin and the extracellular domain (ECD) of the oncogenic receptor tyrosine kinase ErbB2 as a model system. Herceptin binds ErbB2 with high affinity (*K*~d~ ∼ 0.1 nM), leading to reduced cellular proliferation through disruption of receptor dimerization and antibody-dependent cellular cytoxicity (ADCC).^[@ref31]−[@ref33]^ We hypothesized that incorporation of a relatively small electrophilic UAA at a defined site in Herceptin would allow covalent bond formation with a proximal lysine ε-amino group of the ErbB2 ECD without significantly perturbing binding affinity. Examination of the Herceptin Fab-ErbB2 ECD co-crystal structure (PDB: 1N8Z) revealed that there are two lysine residues (Lys569 and Lys593) at the binding interface, providing potential cross-linking sites (Figure [1](#fig1){ref-type="fig"}b).^[@ref34]^ Two residues in the light chain (LC) complementarity determining region 3 (CDR3) of Herceptin (LC-Tyr92 and LC-Thr93) are within 10 Å of Lys569, and one residue in the heavy chain (HC) CDR3 of αErbB2 (HC-Gly103) is positioned to allow potential interaction with Lys593 of ErbB2. These residues in the Herceptin Fab gene were mutated to the amber stop codon, TAG, generating plasmids encoding Herceptin Fab-Tyr92TAG, Herceptin Fab-Thr93TAG, and Herceptin Fab-Gly103TAG ([Supporting Information](#notes-2){ref-type="notes"}).

The first UAA we explored for the covalent cross-linking of Herceptin Fab to ErbB2 was the alkyl acrylamide, *N*^ε^-acryloyl-(*S*)-lysine (AcrK, **1**). Synthesis of **1** was readily achieved in one step in 54% yield ([Supporting Information](#notes-2){ref-type="notes"}). Engineered pyrrolysyl-tRNA synthetase (PylRS)/tRNA^Pyl^~CUA~ pairs from *Methanosarcina* species (*barkeri* and *mazei*) can be used to genetically encode a variety of lysine analogues, including *N*^ε^-acetyl-(*S*)-lysine,^[@ref35]^*N*^ε^-methyl-(*S*)-lysine,^[@ref36],[@ref37]^ and *N*^ε^-crotonyl-(*S*)-lysine (Kcr).^[@ref38]^ To evolve a PylRS that can efficiently charge tRNA^Pyl^~CUA~ with **1**, we generated a library based on the sequence of the aaRS specific for Kcr, which differs from **1** only by the presence of a single methyl group. Structural analysis of the PylRS active site indicated that mutations at residues Leu266, Leu270, and Tyr271 might accommodate the slightly less bulky acrylamide **1**. Additionally, Leu274Ala and Cys313Phe mutations are essential in reshaping the PylRS active site to accommodate relatively small pyrrolysine analogues, and mutation of Tyr349 to phenylalanine can improve the PylRS amber suppression efficiency. Therefore, three residues (Leu266, Leu270, Tyr271) were varied by NNK randomization (N = A, G, T or C; K = G or T), and three fixed mutations (Leu274Ala, Cys313Phe, Tyr349Phe) were introduced to afford a library of 3 × 10^5^ mutants (theoretical nucleic acid diversity of 3.3 × 10^4^). Directed evolution was performed in *E. coli* as previously described,^[@ref39]^ resulting in identification of an aaRS (AcrKRS, mutations: Leu270Ile, Leu274Ala, Cys313Phe, Tyr349Phe) that incorporates **1** into proteins. Using a fluorescence-based assay in which GFP with a permissive Asn149TAG mutation was coexpressed with the AcrKRS/tRNA^Pyl^~CUA~ pair in the presence and absence of **1**, a 20-fold increase in fluorescence was observed upon addition of 5 mM **1** ([Supporting Information](#notes-2){ref-type="notes"}). We note that while finalizing these experiments, there were two concurrent and independent reports of evolved aaRSs with distinct sequences that incorporate **1** in prokaryotes and eukaryotes.^[@ref20],[@ref21]^

![Structures of unnatural amino acids and cross-linking sites at the Herceptin Fab-ErbB2 binding interface. (a) Structures of the electrophilic unnatural amino acids *N*^ε^-acryloyl-(*S*)-lysine (**1**), *p*-acrylamido-(*S*)-phenylalanine (**2**), and *p*-vinylsulfonamido-(*S*)-phenylalanine (**3**). (b) The crystal structure of a Herceptin Fab bound to the extracellular domain of ErbB2 (PDB: 1N8Z) shows two residues in the LC CDR3 (LC-Tyr92 and LC-Thr93) and one residue in the HC CDR3 (HC-Gly103) of the Fab that are in close proximity to the ε-amino groups of Lys569 and Lys593 in ErbB2 at the binding interface.](ja-2014-02851h_0006){#fig1}

To determine the fidelity and efficiency for incorporation of **1** into proteins in *E. coli*, Herceptin Fab mutants with amber codons at residues LC-Tyr92, LC-Thr93, or HC-Gly103 were expressed in the presence of the AcrKRS/tRNA^Pyl^~CUA~ pair (Figure [2](#fig2){ref-type="fig"}a). In Terrific broth (TB) media supplemented with 5 mM **1**, the yield of periplasmically secreted mutant proteins following purification over Protein G resin was ∼1--2 mg L^--1^. Electrospray ionization mass spectrometry (ESI-MS) confirmed independent incorporation of **1** at each of the three suppressed sites (Figure [2](#fig2){ref-type="fig"}a--c). Notably, the modified Fab's did not undergo any observable 1,4-addition reactions with intracellular thiol nucleophiles, such as glutathione (GSH) prior to secretion. An ErbB2 ELISA revealed that, while Herceptin Fab-AcrK92 and Herceptin Fab-AcrK93 bound ErbB2 with an apparent *K*~d~ equivalent to the wild type (WT) Fab (∼0.4 nM), Herceptin Fab-AcrK103 binding was reduced almost 20-fold ([Supporting Information](#notes-2){ref-type="notes"}). Each of the mutant proteins (6 μM) was then incubated with 750 nM of the human ErbB2 ECD (Met1-Thr652 with a C-terminal hexaHis tag) in Dulbecco's phosphate-buffered saline (DPBS), pH 8.8, for 48 h at 37 °C, followed by reducing SDS-PAGE to identify covalently cross-linked products. A new band was observed at ∼125 kDa, which corresponds to a 1:1 covalent bond between the ErbB2 ECD (apparent glycosylated mass ∼100--110 kDa) and reduced Herceptin Fab (∼25 kDa). Densitometry revealed that ∼10% of the ErbB2 ECD reacted with the Herceptin Fab-AcrK93 mutant, while Herceptin Fab-AcrK92 and Herceptin Fab-AcrK103 reacted only minimally (Figure [2](#fig2){ref-type="fig"}d). Reducing SDS-PAGE completely abrogated the noncovalent association between the WT Fab and ErbB2 ECD ([Supporting Information](#notes-2){ref-type="notes"}), indicating that **1** is responsible for the observed cross-linking. These initial results suggest that a mutant Fab bearing a genetically encoded Michael acceptor can form a covalent complex with its native, unmodified binding partner. However, the use of **1** required long incubation times (48 h) and nonphysiological pH (\>8.0) and afforded low cross-linking yields (∼10%).

![Cross-linking reaction of genetically encoded acrylamide-bearing amino acids. (a--c) Mass spectrometry of **1** substituted in the Herceptin Fab at LC-Tyr92 (a), LC-Thr93 (b), or HC-Gly103 (c) with expected masses of 47771, 47833, and 47877 Da, respectively. (d) Reducing SDS-PAGE of 6 μM Herceptin Fab-AcrK mutants reacted with 750 nM ErbB2 ECD (residues Met1-Thr652 with a C-terminal hexaHis tag) in DPBS, pH 8.8, for 48 h at 37 °C. The covalently cross-linked Herceptin Fab-ErbB2 ECD complex is indicated by an arrowhead. (e) Reducing SDS-PAGE of Herceptin Fab-AcrF mutants with ErbB2 ECD under the same conditions as in (d).](ja-2014-02851h_0001){#fig2}

Next we explored whether an alternative aza-Michael acceptor, AcrF (**2**), with less side chain conformational flexibility and somewhat higher reactivity due to the phenyl substituent,^[@ref25]^ might lead to improved cross-linking efficiency as compared to the lysine scaffold. Synthesis of **2** was readily achieved in two steps with 90% overall yield ([Supporting Information](#notes-2){ref-type="notes"}). Many phenylalanine-derived UAAs have been incorporated in response to the amber nonsense codon using evolved *Methanococcus jannaschii* tyrosyl-tRNA synthetase (TyrRS)/tRNA^Tyr^~CUA~ pairs.^[@ref40]^ Additionally, certain evolved TyrRSs exhibit substrate polyspecificity, wherein a single aaRS exhibits high permissivity for UAAs, while preserving its ability to discriminate against the 20 canonical amino acids.^[@ref41]^ Using a fluorescence assay with a GFP-Tyr151TAG mutant, an existing polyspecific TyrRS42 (AcrFRS, mutations: Tyr32Val, Leu65Tyr, Phe108His, Gln109Gly, Asp158Gly, Leu162Glu, Asp286Arg) afforded a 2-fold fluorescence increase upon addition of 1 mM **2**. To confirm successful incorporation of **2**, GFP-AcrF151 was expressed and purified from BL21(DE3) cells, followed by characterization with SDS-PAGE and ESI-MS. The observed mass (+302 Da) potentially corresponds to a GSH adduct of GFP-AcrF151, which is likely due to its increased electrophilicity compared to **1** ([Supporting Information](#notes-2){ref-type="notes"}).

Assuming that periplasmic secretion would limit post-translational modification of **2** by GSH, Herceptin Fab mutants with amber mutations replacing residues LC-Tyr92, LC-Thr93, or HC-Gly103 were periplasmically expressed in the presence of the AcrFRS/tRNA^Tyr^~CUA~ pair. Supplementation of TB media with 1 mM **2** typically yielded 4--6 mg L^--1^ of mutant protein following purification over Protein G resin. ESI-MS confirmed successful incorporation of **2** without any observed modification by cellular nucleophiles, and an ELISA confirmed binding of the mutants to ErbB2 with apparent *K*~d~'s similar to the WT Fab ([Supporting Information](#notes-2){ref-type="notes"}). To assay the formation of covalently cross-linked product, the Fab mutants (6 μM) were incubated with 750 nM ErbB2 ECD in DPBS, pH 8.8, for 48 h at 37 °C, followed by reducing SDS-PAGE. In contrast to the Herceptin Fab-AcrK mutants, in which only mutation at LC-Thr93 resulted in cross-link formation, cross-linking using **2** as the aza-Michael acceptor was observed for the LC-Tyr92 mutant (66% reaction) and the HC-Gly103 mutant (65% reaction) (Figure [2](#fig2){ref-type="fig"}e). While the long alkyl side chain of **1** may reach Lys569 from the LC-Thr93 site, **2** is structurally similar to the tyrosine it replaces at LC-Tyr92 and is, therefore, better oriented for reaction with Lys569. This optimal positioning, along with the increased reactivity of the aryl acrylamide, may explain the increased reaction efficiency observed using **2** for cross-linking to the ErbB2 ECD.

Although acrylamides have been used successfully to covalently modify adjacent cysteine residues, they are relatively weak electrophiles^[@ref1]^ and have not been particularly successful for aza-Michael addition reactions at protein interfaces.^[@ref13]^ Therefore, to further improve the yield of cross-linked product as well as the reaction conditions (time and pH), we designed a novel optimized aza-Michael acceptor UAA with a vinylsulfonamide group, VSF (**3**). Vinylsulfonamides have recently been used to design inhibitors of ubiquitin activating enzymes^[@ref42]^ and kinases^[@ref43]^ and are somewhat more reactive than the corresponding acrylamide moieties (reactivity: *N*-phenylacrylamide \< *N*-phenylvinylsulfonamide).^[@ref25]^ Synthesis of **3** was achieved in 32% overall yield in two steps ([Supporting Information](#notes-2){ref-type="notes"}). Because the polyspecific AcrFRS afforded only modest protein yields of the GFP-VSF151 mutant in the presence of 1 mM **3**, we evolved an improved TyrRS that can more efficiently charge tRNA^Tyr^~CUA~ with **3**. A library was generated using the AcrFRS sequence as a template, in which Val32, Ile159, and Glu162 were varied by NNK mutagenesis to allow for accommodation of the bulkier vinyl sulfonamide substituent, and Ala67 and His70 were varied using GST codons (S = C or G, encoding Ala or Gly) to restrict steric bulk. A library of 6 × 10^6^ mutants was obtained (theoretical nucleic acid diversity of 1.3 × 10^5^), and directed evolution was performed in *E. coli* as previously described.^[@ref39]^ An aaRS (VSFRS, mutations: Tyr32Gly, Leu65Tyr, Phe108His, Gln109Gly, Asp158Gly, Ile159Leu, Leu162Gln, Asp286Arg) was identified that contained three mutations to glycine residues, which enlarges the active site and allows efficient incorporation of **3** into proteins. Suppression of GFP-Asn149TAG in the presence of 1 mM **3** resulted in a 13-fold increase in fluorescence ([Supporting Information](#notes-2){ref-type="notes"}). To confirm successful incorporation of **3**, a GFP mutant, GFP-VSF151, was expressed and purified from BL21(DE3) cells, followed by characterization with ESI-MS. The mutant protein was again observed as a (+303 Da) GSH conjugate ([Supporting Information](#notes-2){ref-type="notes"}).

![Characterization of the reaction of Herceptin Fab-VSF92 with the ErbB2 ECD. (a) Mass spectrometry of **3** substituted in the Herceptin Fab at LC-Tyr92 (Herceptin Fab-VSF92). The peak observed at 48149 Da likely represents a (+307 Da) GSH adduct. (b) Reducing SDS-PAGE of reactions of 4 μM Herceptin Fab-VSF92 with 1 μM ErbB2 ECD (residues Met1-Thr652 with a C-terminal hexaHis tag, Sino Biological Inc., SBI) carried out for 2 h at 37 °C in DPBS at pH 6.4, 7.4, or 8.4. The covalently cross-linked Herceptin Fab-ErbB2 ECD complex is indicated by an arrowhead. (c) Reducing SDS-PAGE of time-dependent reaction of 4 μM Herceptin Fab-VSF92 with 1 μM ErbB2 ECD (residues Met1-Thr652 with a C-terminal hexaHis tag, Sino Biological Inc., SBI) reacted in DPBS, pH 7.4, at 37 °C for 0.2, 0.5, 1, 2, or 4 h. (d) Reducing SDS-PAGE of reaction of 5 μM Herceptin fab-VSF92 with 1 μM ErbB2 ECD or ErbB2-Lys569Gln ECD (residues Thr23-Thr630 with a C-terminal hexaHis tag expressed from HEK293 cells) in DPBS, pH 7.4, for 2 h at 37 °C.](ja-2014-02851h_0002){#fig3}

With a new aaRS in hand, Herceptin Fab-Tyr92TAG was periplasmically expressed in the presence of the VSFRS/tRNA^Tyr^~CUA~ pair. UAA **3** was incorporated at the same site as **2**, since they both similarly present the electrophilic group on the phenylalanine scaffold. Supplementation of TB expression media with 1 mM **3** yielded ∼4 mg L^--1^ of mutant protein following purification, and ESI-MS confirmed successful incorporation (Figure [3](#fig3){ref-type="fig"}a). A small portion of Herceptin Fab-VSF92 is observed as a GSH conjugate (+307 Da) in the mass spectrum, reflecting the enhanced reactivity of the vinylsulfonamide group compared to the aryl acrylamide.

To explore the reactivity of this new Michael acceptor UAA, we incubated 4 μM Herceptin Fab-VSF92 with 1 μM ErbB2 ECD in DPBS adjusted to pH 6.4, 7.4, or 8.4 for 2 h at 37 °C, followed by reducing SDS-PAGE (Figure [3](#fig3){ref-type="fig"}b). The reaction efficiency correlated with pH, with 53%, 86%, and 95% cross-linking observed at pH 6.4, 7.4, and 8.4, respectively. Furthermore, analyzing the time dependence of the reaction revealed covalently linked product after as short as 10 min, with ∼96% conversion to cross-linked product achieved within 4 h at pH 7.4 (Figure [3](#fig3){ref-type="fig"}C). We additionally performed the reaction in DPBS, pH 7.4 for 2 h at 37 °C with 4 nM Herceptin Fab-VSF92 and 1 nM ErbB2 ECD labeled with an infrared dye in order to image the reaction product. Reducing SDS-PAGE showed ∼80% cross-linking using these concentrations, which are similar to those used either *in vitro* or *in vivo* ([Supporting Information](#notes-2){ref-type="notes"}). Thus, **3** is a highly efficient cross-linker compared to **1** and **2** and forms covalent complexes at physiological pH. On the basis of the Herceptin Fab-ErbB2 ECD co-crystal structure, we postulated that Herceptin Fab-VSF92 is reacting with Lys569 of the ErbB2 ECD. To test this hypothesis, the WT ErbB2 ECD and a Lys569Gln mutant were expressed and purified from HEK293 cells. Each ECD was incubated with Herceptin Fab-VSF92 at pH 7.4 for 2 h at 37 °C, followed by reducing SDS-PAGE (Figure [3](#fig3){ref-type="fig"}D). A covalent product was only observed with WT ErbB2 ECD, while no reaction occurred between Herceptin Fab-VSF92 and the Lys569Gln mutant. ELISA results confirmed that Herceptin Fab-VSF92 bound to the ErbB2-Lys569Gln ECD with an affinity indistinguishable from that of WT ErbB2 ECD ([Supporting Information](#notes-2){ref-type="notes"}). Unfortunately, attempts to generate tryptic fragments of the cross-linked proteins that ionize with appreciable efficiency were unsuccessful.

Previous efforts to form covalent bonds between proteins using genetically encoded UAAs required mutagenesis to introduce a unique cysteine nucleophile into the target protein.^[@ref19]^ A novel feature of our covalent cross-linking methodology is that the target protein does not require the introduction of a nucleophilic residue and, as a consequence, may potentially be cross-linked in its native cellular state. To test the biocompatibility of our cross-linking strategy with living cells, we first confirmed that the reaction between Herceptin Fab-VSF92 and the ErbB2 ECD is not affected by the presence of ∼50% fetal bovineserum (FBS). No off-target reactions with serum proteins were observed by Western blot using an antihuman kappa light chains antibody ([Supporting Information](#notes-2){ref-type="notes"}). Next, ErbB2-positive SK-BR-3 breast cancer cells cultured in Dulbecco's modified eagle medium (DMEM), pH 7.4, supplemented with 10% FBS were incubated with Herceptin Fab-WT or Herceptin Fab-VSF92 (25 nM) for 0.5, 1, 2, or 12 h. Western blot of a SDS-PAGE gel of the lysate with an anti-ErbB2 antibody that binds to the intracellular domain of full length ErbB2 revealed complete covalent labeling of ErbB2 by Herceptin Fab-VSF92 within 2 h, whereas no covalent reaction was observed for Herceptin Fab-WT (Figure [4](#fig4){ref-type="fig"}a). We next created fluorescent probes for live cell imaging by nonspecifically modifying the Herceptin Fab-WT and Herceptin Fab-VSF92 with fluorescein isothiocyanate (FITC) to generate Herceptin Fab(FITC)-WT and Herceptin Fab(FITC)-VSF92, respectively (Figure [4](#fig4){ref-type="fig"}b). ErbB2-positive SK-BR-3 cells and ErbB2-negative MDA-MB-468 cells grown in DMEM, pH 7.4, with 10% FBS were incubated with Herceptin Fab(FITC)-WT or Herceptin Fab(FITC)-VSF92 (25 nM) for 2 h. After washing with DPBS to remove nonspecifically bound Fab, the observed fluorescence with SK-BR-3 cells was similar for both Herceptin Fab(FITC)-WT and Herceptin Fab(FITC)-VSF92, while no fluorescence was observed on MDA-MB-468 cells, confirming the selective labeling of ErbB2 (Figure [4](#fig4){ref-type="fig"}c--f). To confirm the covalent nature of Herceptin Fab(FITC)-VSF92 binding to cell-surface ErbB2, cells were subjected to stringent washing conditions (100 mM glycine, pH 2.8, 300 mM NaCl, 3% Tween 20). The Herceptin Fab(FITC)-VSF92 probe remained bound to ErbB2 at the cell surface, while no fluorescence was observed on the cells previously labeled with Herceptin Fab(FITC)-WT (Figure [4](#fig4){ref-type="fig"}g,h). These results demonstrate that the genetically encoded aza-Michael acceptor **3** can selectively and efficiently covalently react with a proximal lysine nucleophile at the protein binding interface both *in vitro* and in the presence of living cells.

![Specific and irreversible labeling of ErbB2 on the cell surface by Herceptin Fab-VSF92. (a) Herceptin Fab-VSF92 and Herceptin Fab-WT (25 nM) were incubated with SK-BR-3 cells for 2 h at 37 °C, followed by total cell lysis and Western blot analysis with an anti-ErbB2 antibody. The covalently cross-linked Herceptin Fab-VSF92-ErbB2 complex is indicated by an arrowhead. (b) Coomassie-stained reducing SDS-PAGE showing Herceptin Fab-WT and Herceptin Fab-VSF92 after nonspecific labeling with FITC and the corresponding fluorescent image of the same gel. (c--h) Fluorescence imaging of live cells treated with Herceptin Fab(FITC)-WT or Herceptin Fab(FITC)-VSF92. MDA-MB-468 and SK-BR-3 cells were cultured in DMEM supplemented with 10% FBS at 37 °C. At 70% confluence, 25 nM of Herceptin Fab(FITC)-WT or Herceptin Fab(FITC)-VSF92 was added to the culture medium and incubated for 2 h in the dark. Green fluorescent (left) and bright-field (right) images were obtained under different wash conditions (the "gentle" wash buffer was DPBS, and the "stringent" wash buffer was 100 mM glycine, pH 2.8, 300 mM NaCl, 3% Tween 20) to show the irreversible labeling of cell surface ErbB2 with only Herceptin Fab(FITC)-VSF92 (h) but not with Herceptin Fab(FITC)-WT (g).](ja-2014-02851h_0003){#fig4}

Conclusion {#sec3}
==========

Herein we have evolved orthogonal aaRS/tRNA pairs for the genetic incorporation of a series of electrophilic UAAs, *N*^ε^-acryloyl-(*S*)-lysine (AcrK, **1**), *p*-acrylamido-(*S*)-phenylalanine (AcrF, **2**), and *p*-vinylsulfonamido-(*S*)-phenylalanine (VSF, **3**). This series provides two different amino acid scaffolds, lysine and phenylalanine, as well as incremental increases in reactivity (reactivity: *N*-alkylacrylamide \< *N*-phenylacrylamide \< *N*-phenylvinylsulfonamide).^[@ref25]^ We evaluated these genetically encoded UAAs for covalently cross-linking Herceptin Fab to ErbB2. While the acrylamide UAAs resulted in modest cross-linking yields under basic conditions (pH = 8.8), the vinylsulfonamide moiety resulted in rapid covalent cross-linking of the αErbB2-ErbB2 complex at physiological pH with \>95% yield, providing an extremely robust protein--protein cross-linking strategy for native target proteins. Because this strategy does not require genetic or chemical modification of the target protein, it can potentially be directly applied to cells or tissues. This methodology provides useful covalent probes to identify protein interaction partners that may be too weakly bound to be isolated by more conventional affinity pull-down techniques. Moreover, covalent antibodies of this type may be particularly useful for extracellular targeting applications, such as for diagnostics, imaging, and fluorescence guided surgery.^[@ref44],[@ref45]^ We are currently determining the generality of this approach by introducing electrophilic UAAs into other therapeutic antibodies, protein-based protease inhibitors, growth factors, and cytokines. In addition, we are exploring the use of library-based methods with affinity-based selections to identify productive cross-linking sites in protein complexes for which detailed structural information is not available.

Experimental Section {#sec4}
====================

Protocols for the chemical syntheses of UAAs **1**, **2**, and **3**, construction of library and expression plasmids, selections and validation for the evolved aaRSs, and ELISA binding assays are given in the [Supporting Information](#notes-2){ref-type="notes"}.

Protein Expression and Purification {#sec4.1}
-----------------------------------

Each pBAD-Herceptin Fab-TAG (LC-Tyr92TAG, LC-Thr93TAG, or HC-Gly103TAG) plasmid was co-transformed with pUltra-AcrKRS/tRNA^Pyl^~CUA~, pUltra-AcrFRS/tRNA^Tyr^~CUA~, or pUltra-VSFRS/tRNA^Tyr^~CUA~ into *E. coli* TOP10 cells. Cells were cultured in TB media, supplemented with 100 μg mL^--1^ ampicillin, 50 μg mL^--1^ spectinomycin, and 5 mM **1**, 1 mM **2**, or 1 mM **3**. Protein expression was induced at an OD~600~ ∼ 1.0 by addition of 0.2% arabinose and 1 mM isopropyl β-[d]{.smallcaps}-1-thiogalactopyranoside (IPTG), and cells were cultured at 37 °C (for proteins containing **1**) or 25 °C (for proteins containing **2** or **3**) for 16--24 h. Protein was released from pelleted cells by periplasmic lysis with 20 mL lysis buffer (30 mM Tris-HCl, pH 7.5, 1 mM EDTA, 20% sucrose, 0.2 mg mL^--1^ lysozyme) per gram of wet cell pellet with shaking at 37 °C for 30 min. Clarified lysate was applied to a 1 mL Protein G Sepharose 4 Fast Flow (GE Healthcare) column equilibrated with Buffer A (50 mM NaOAc, pH 5.0), and Fab was eluted with Buffer B (100 mM glycine, pH 2.8). Proteins were exchanged into DPBS using centrifugal filtration with a 30 kDa molecular weight cutoff (MWCO), followed by characterization with ESI-MS and SDS-PAGE. Yields were ∼1--2 mg L^--1^ for proteins containing **1** and ∼4--6 mg L^--1^ for proteins containing **2** or **3**.

Plasmids encoding the ErbB2 ECD (pFuse-ErbB2-His~6~ or pFuse-ErbB2(Lys569Gln)-His~6~) were transfected using 293-transfectin (Life Technologies) into FreeStyle HEK293 cells (Life Technologies) that were cultured to a density of 1 × 10^6^ cells mL^--1^ in 500 mL of FreeStyle 293 expression media (Life Technologies) at 37 °C and 5% CO~2~. Expression media containing secreted ErbB2 ECD was harvested and combined every 2 days over the course of 6 days, followed by purification using Ni-NTA agarose resin (Qiagen), with a yield of ∼1--2 mg L^--1^. SDS-PAGE analysis showed that recombinant ErbB2 ECD proteins migrated as the same molecular weight as an equivalent ErbB2 ECD from a commercial source ([Supporting Information](#notes-2){ref-type="notes"}). Characterization by mass spectrometry is not possible given the large molecular weight and extensive glycosylation of these proteins.

Cross-Linking Reactions {#sec4.2}
-----------------------

Reactions between Herceptin Fab mutants (6 μM) bearing **1** or **2** at LC-Tyr92, LC-Thr93, or HC-Gly103 and 750 nM ErbB2 ECD were carried out in 20 μL DPBS (adjusted to pH 8.8 with bicine) at 37 °C for 48 h. Reactions between 1 μM Herceptin Fab-VSF92 and 4 μM ErbB2 ECD were carried out in 20 μL DPBS, pH 7.4, at 37 °C for 2 h, unless otherwise specified. Prior to SDS-PAGE, reactions were quenched by boiling at 90 °C in SDS-PAGE loading buffer supplemented with β-mercaptoethanol for 5 min. Gel band density was determined using ImageJ software (<http://rsbweb.nih.gov/ij/>), and reaction completion was calculated as the intensity of the cross-linked product relative to total ErbB2 (free plus cross-linked).

Cell-based cross-linking of Herceptin Fab mutants was carried out in a 12-well plate at a density of 1 × 10^5^ cells per well in DMEM supplemented with 10% FBS at 37 °C and 5% CO~2~. At ∼70% confluency, 25 nM Herceptin Fab-VSF92 or Herceptin Fab-WT was added to each well and incubated for 0.5, 1, 2, or 12 h. Cells were washed twice with cold DPBS and lysed using 250 μL of CelLytic M solution (Sigma) at 4 °C for 30 min. The clarified supernatant was analyzed by Western blot with an antihuman ErbB2 antibody (29D8, Cell Signaling Technologies) that targets the intracellular domain of full length ErbB2.

Fluorescent Labeling of Mammalian Cells {#sec4.3}
---------------------------------------

Fluorescein isothiocyanate (FITC, Molecular Probes) (770 μM) was reacted with Herceptin Fab-VSF92 or Herceptin Fab-WT (58 μM) in 72 μL of 200 mM sodium bicarbonate, pH 9.0, for 2 h at 25 °C with shaking. Labeled protein was isolated from unreacted dye using 0.5 mL Zeba spin desalting columns with a 40 kDa MWCO (Pierce). The in-gel fluorescence image was acquired on a Bio-Rad Gel Doc XR Imaging system with UV transillumination. FITC-labeled Herceptin Fab-VSF92 or Herceptin Fab-WT (25 nM) was added to ∼70% confluent SK-BR-3 or MDA-MB-468 cells (ATCC) cultured in DMEM supplemented with 10% FBS at 37 °C and 5% CO~2~. After incubation in the dark at 37 °C for 2 h, the cells were washed twice with cold DPBS to remove unbound Fab. The SK-BR-3 cells were then washed twice for 10 min at RT using either mild (DPBS) or harsh (100 mM glycine, pH 2.8, 300 mM NaCl, 3% Tween 20) conditions. Cells were imaged on a Nikon Eclipse Ti fluorescence microscope with a 10×/0.30 Nikon Plan Fluor objective. FITC was excited with a Lumencor 64 mW light source using a GFP/FITC 475/28 BP filter, and emission was detected between 515 and 555 nm using an 8 s exposure.

Figures S1--S9, protein mass spectra, Table S1, and detailed materials and methods. Correspondence and requests for materials should be addressed to P.G.S. and C.H.K. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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